We studied the importance of collateral blood flow in the genesis of epicardial conduction delay and ventricular arrhythmias by creating a model of myocardial ischemia in which coronary collateral channels were embolized with a rapidly hardening vinyl latex. In 33 open-chest anesthetized dogs, heart rate was held constant (18O-200/min) and the proximal left anterior descending coronary artery (LAD) was occluded for 10 minutes, followed by 30 minutes of reperfusion. The LAD then was ligated and latex was injected just below the ligature. The latex filled coronary vessels branching from the LAD down to a diameter of 20-30 jun and produced transmural infarcts averaging 42% of the left ventricular mass (range 35-58%). The amount of epicardial conduction delay was measured during atrial rhythm at multiple electrode sites within the ischemic zone. The maximal delay following coronary occlusion was 97 ± 48 msec (mean ± SD), whereas latex embolization increased the delay to 203 ± 51 msec (P < 0.001). In response to coronary occlusion, 8% of the electrograme demonstrated Wenckebach-like alternation, whereas 58% showed alternation following latex embolization (P < 0.001). Compared to coronary occlusion, coronary embolization with latex significantly increased the number of dogs that developed ectopic beats during the first 10 minutes of ischemia (66% vs. 94%; P = 0.02). However, coronary occlusion evoked ventricular fibrillation in 21% of the dogs, whereas no animal developed fibrillation at any time following coronary embolization (P = 0.002). Ventricular fibrillation also was absent in an additional 18 animals in which the LAD was embolized without an earlier period of occlusion. The results indicate that embolization of the LAD with vinyl latex increases the severity of local conduction abnormalities while reducing the incidence of lethal arrhythmias. The interruption of collateral blood flow to the ischemic myocardium may depress conduction in a homogeneous manner such that the ischemic zone may be unable to support a sufficient number of reentrant circuits to initiate fibrillation. Ore Res 49: 97-108, 1981 
ALTHOUGH abrupt occlusion of a major coronary artery consistently produces a myocardial infarct, the size of the infarct generally is considerably smaller than the area of myocardium normally perfused by the occluded vessel (Schaper et al., 1979; Jugdut et al., 1979) . The survival of jeopardized myocardium is dependent upon the delivery of a limited amount of arterial blood by preexisting intercoronary collateral vasculature; the amount of myocardium surviving is related directly to the volume of collateral flow available to the acutely ischemic myocardium early after coronary occlusion (Rivas et al., 1976; Bishop et al, 1976) . In addition to producing myocardial necrosis, acute coronary artery occlusion is followed by severe electrophysiological alterations manifested by changes in myocardial activation. Several studies have provided quantitative data relating changes in extracellular bipolar electrograms to the development of ventricular arrhythmias (Scherlag et al., 1970; Waldo and Kaiser, 1973; Boineau and Cox, 1973; Cox et al., 1973; Hope et al., 1974; Williams et al., 1974) . It has been shown that the volume of collateral blood flow to the ischemic myocardium is inversely related to the depression in amplitude of bipolar electrograms recorded from the subepicardium and subendocardium and to the increase in duration of subepicardial electrograms (Ruffy et al., 1979) . Furthermore, ventricular fibrillation following acute coronary artery occlusion in the dog has been reported to occur only in those animals that have a limited number of preexisting collateral channels (Meesman et al., 1970) .
To elucidate further the importance of collateral blood flow in the genesis of conduction abnormalities and ventricular arrhythmias, it would be useful to have a method of producing myocardial ischemia in which retrograde flow through preexisting collateral channels was blocked. Such a method has been described for producing transmural infarction of the VOL. 49, No. 1, JULY 1981 SA node . In these studies, a rapidly hardening vinyl latex was injected into the SA nodal artery preventing both antegrade and retrograde perfusion of the SA nodal region. The purpose of the present experiments was to determine the effects of acute embolization of the left anterior descending coronary artery with vinyl latex on local patterns of myocardial activation and ventricular arrhythmias. The changes in local conduction and ectopic activity induced by latex embolization were compared to the changes induced by coronary occlusion without embolization. In comparison to a period of acute coronary occlusion, coronary embolization with latex resulted in more conduction abnormalities and a greater number of ectopic beats. However, latex embolization never evoked ventricular fibrillation in the canine heart.
Methods

Animal Preparation
Experiments were performed on 53 adult male dogs weighing 15-23 kg. All animals were free of heart worms and respiratory disease and were in generally good health. The dogs were anesthetized with sodium pentobarbital (30 mg/kg, iv) and ventilated with room air via a positive pressure ventilator at a minute-volume determined from a body weight nomogram. Supplemental doses of sodium pentobarbital (2 mg/kg) were administered every 1-2 hours thereafter to maintain a surgical plane of anesthesia. A femoral artery was cannulated so that arterial blood pressure could be monitored continuously throughout each experiment. A left thoracotomy was performed in the 5th and 6th intercostal spaces and the 5th rib removed.
The temperature of the ventricular epicardium was monitored with a small thermistor (YSI 425), and cardiac temperature was held constant (37-38°C) by means of a heating lamp placed above the thoracic cavity. The left anterior descending coronary artery was dissected free 5-10 mm from its origin, proximal to all diagonal branches. Close intramural plunge-type bipolar electrodes were inserted into the left atrial appendage for pacing (180-200/min) and into the left ventricular subepicardium and subendocardium for recording local electrograms. The electrograms were filtered at settings of 40-500 Hz. The electrograms along with a lead II ECG were stored on a 7-channel FM tape recorder (Honeywell 5600C). At a later time, the electrical signals were retrieved from tape and displayed on an eight-channel Siemens-Elema ink-writing mingograph at paper speeds of 25-250 mm/sec. Plunge electrodes were also inserted into the left and right cervical vagosympathetic trunks.
Experimental Protocol
In 33 dogs, the left anterior descending coronary artery was occluded with an atraumatic clamp for a period of 10 minutes and then released. The cervical vagi were stimulated for about 30 seconds (20 Hz, 100 fisec, 10 V) to produce asystole while the clamp was applied to the artery. The vagi also were stimulated just before release of the occluded vessel to minimize the severity of reperfusion arrhythmias (Murdock et al., 1980) . A 20-to 30-minute recovery period was allowed to elapse before the injection of latex. In those animals in which ventricular fibrillation occurred during either occlusion or reperfusion, the heart was rapidly defibrillated by DC countershock and a 45-minute recovery period was allowed before latex was injected. Just prior to latex injection, the left anterior descending artery was ligated and the vagi were stimulated to produce asystole. A small incision was made in the artery just distal to the ligature and a blunt 20gauge hypodermic needle with a 90° bend was inserted into the vessel. The needle was connected to a 5-ml syringe containing about 3-4 ml latex (Carolina Biological Supply). To minimize retrograde flow of latex through the incision in the artery, the artery was grasped with a pair of atraumatic forceps and pressure was applied around the cannula. Latex then was injected rapidly until the distal vasculature was filled and the latex flowed retrograde through the arterial incision. A volume of 1.5-2.0 ml of latex usually was required to fill the left anterior descending artery and its distal branches. The high viscosity of the latex prevented it from totally penetrating the collateral channels and filling the distal branches of the left circumflex coronary artery. Once in the vasculature, the latex hardened in about 10-20 seconds. Vagal stimulation was maintained throughout the entire injection period (20-30 seconds). In 18 additional dogs, latex was injected into the left anterior descending coronary artery without an earlier period of coronary occlusion. The ECG and blood pressure were monitored in all dogs for 1-6 hours after latex embolization. Dogs that were not used for the evaluation of infarct size or collateral blood flow were killed at the end of the 1-hour monitoring period.
Evaluation of Infarct Size and Collateral Flow
Fifteen dogs were monitored for a period of 6 hours after intracoronary latex injection. The heart from each animal was rapidly excised and the right ventricle and great vessels were removed. The left ventricle and septum were cut transversely from apex to base into 0.5-to 1-cm sections. The sections were incubated in para-Nitro Blue Tetrazoleum (p-NBT 0.25 g/liter, 0.01 M phosphate buffer) for 30 minutes at room temperature to stain normal tissue for lactate dehydrogenase (Schaper et al., 1979) . The unstained necrotic tissue was separated from the normal tissue and the infarct size was quantified gravimetrically. In two additional animals not injected with latex, hearts were excised, placed in Ringer's solution for 6 hours, and then sectioned and incubated with p-NBT.
To evaluate the effectiveness of latex in blocking retrograde collateral flow, hearts were excised from eight animals 1 hour after latex injection; the left main coronary artery was cannulated and indocyanine green was infused at a pressure of 100-150 mm Hg. These hearts were sectioned perpendicular to the apex-base direction and the distribution of green dye was determined relative to the latex. In eight more dogs, hearts were excised 1 hour after latex injection and the myocardial tissue was digested with concentrated sulfuric acid. The remaining latex cast was examined microscopically and the diameters of the most distal branches were determined.
Evaluation of Conduction Abnormalities during Ischemia
In 23 animals, three to six subepicardial electrodes were placed randomly within the distribution of the left anterior descending coronary artery and electrograms were monitored following both coronary occlusion and coronary embolization with latex. In six additional animals, three to six endocardial electrograms were monitored for the same period. Conduction delay was determined by measuring the interval from the onset of the Q-wave in the ECG to the end of the latest complex associated with ventricular activation in the local electrograms. In six of the 23 animals in which epicardial electrograms were recorded, brief periods (2-3 seconds) of vagal stimulation were initiated during the first 30 minutes of ischemia produced by latex to determine the effects of changes in heart rate on ischemic zone conduction delay. In 12 additional dogs, epicardial mapping of the ischemic and adjacent normal zone was performed 30 minutes after the intracoronary injection of latex. The mapping electrode consisted of two insect pins (size 000) insulated except at the tips and embedded in acrylic to give an inter-electrode distance of 2 mm. Recordings were obtained from about 25-30 locations in each dog. In the central portion of the ischemic zone, recording sites were 0.5-1 cm apart, while in the border zone sites were 3-5 mm apart. The atria were paced at a constant rate of 180/min during the mapping procedure. In addition to mapping activation, the mapping electrode was used to stimulate the myocardium at multiple sites (five to 10) within the ischemic and normal zone. The ischemic myocardium was stimulated with constant current pulses (4 msec) of 1-30 mA intensity at a rate about 20% faster than the sinus rate.
Data Analysis
When possible, all results were expressed as the mean ± SD. The comparison of means was accomplished with a paired t-test. When data were expressed as the frequency of occurrence (incidence) of an event, a x 2 analysis or Fisher's exact test was employed. All differences were considered to be statistically significant when P ^ 0.05. Figure 1 shows a typical latex cast of the left anterior descending coronary artery and its terminal branches. Latex was injected in vivo at point A, and points B and C indicate the first diagonal branch and apical branch, respectively. Five to 10 of the distal branches arising from each diagonal vessel were examined under a microscope and found to have diameters of 20-30 jtm. Retrograde blood flow was always observed when the left anterior descending coronary artery was ligated and cannulated just prior to latex injection. However, after latex had hardened within the vessel, no retrograde flow could be observed at the arterial incision. The latex filled epicardial and intramural vessels, but was never observed on the endocardial surface, in the coronary veins, or within the ventricular cavity. In the eight excised hearts in which indocyanine green was injected into the left main coronary artery, no dye could be seen within the area of latex distribution. The boundary between green dye and blue latex was very sharp on both the epicardium CF IGURE 1 A latex cast of a left anterior descending coronary artery and its distal branches. Latex was injected into the intact heart at point A. Point B indicates the first diagonal branch of the LAD, while point C marks the apical branch. Microscopic examination of the distal latex branches showed minimal diameters of 20-30 fim. VOL.49, No. 1, JUXY 1981 and the intramural slices. There was also a sharp boundary between normal and necrotic tissue in the hearts which had been stained for lactate dehydrogenase 6 hours after latex injection. Figure 2 illustrates a typical infarct produced by latex embolization of the left anterior descending coronary artery. The necrosis was transmural in each section, and involved the entire apex, a large portion of the anterior free wall, and part of the intraventricular septum. Although the blue latex in Figure 2 cannot be seen in the unstained portions of the myocardium, all of the infarcted muscle contained intramural vessels filled with the latex. The infarct shown in Figure 2 occupied 42% of the left ventricular mass. The average infarct mass in 15 of the latex-injected hearts was 42 ± 8% (range 36-58%). The average left ventricular mass was S3 ± 11 g (range 65-98 g). The large variability in the relative amount of necrotic tissue among animals probably reflects an anatomic variability in the perfusion area of the coronary vasculature. Although all infarcts were transmural, only dogs with infarcta greater than 45% (four animals) showed hemodynamic deterioration during the observation period.
Results
To maintain a mean arterial blood pressure greater than 70 mm Hg in these animals, it was necessary to infuse methoxamine (1 fig/kg per min) after the first hour of ischemia.
Ventricular Arrhythmias during Myocardial
Ischemia Figure 3 shows rhythm strips (lead II) from a typical experiment during and after the injection of vinyl latex into the left anterior descending coronary artery. Panels A and B show the onset (arrow panel A) and termination (arrow panel B) of a 25second period of vagal stimulation that was necessary for arterial cannulation and latex injection. The two PVC's (asterisks in panel B) that interrupted the idioventricular escape rhythm probably were due to mechanical stimulation of the left ventricle as latex distended the coronary vasculature. Runs of two to 20 PVC's were commonly observed as latex filled the vasculature in all animals. However, the ectopic activity ceased immediately upon removal of the pressure applied to the syringe containing latex. Within 1 second of the termination of vagal stimulation (panel B), the atrial rhythm returned and remained stable for the next 2.5 minutes. Panel C, recorded 3 minutes after the onset of vagal stimulation, shows recurring episodes of runs of multiform PVC's. The ectopic activity in this animal reached a peak rate of 80 PVC's/min and declined so that, by 6 minutes of ischemia, the early ectopic activity had ceased. A second surge of ectopic activity appeared after 13 minutes of ischemia. Panel D was recorded at 14.5 minutes of ischemia and shows a brief run of ventricular tachycardia. The ectopic activity during the delayed period reached a peak rate of 100 PVC's/min and declined to result in a quiescent period by 21 minutes of ischemia. Continued monitoring of this animal for a total period of 1 hour revealed no further ventricular arrhythmias. Table 1 shows the incidence and severity of ventricular arrhythmias observed during myocardial ischemia produced by both coronary occlusion and coronary embolization with latex. Latex embolization significantly increased the number of animals that developed ectopic activity during the first 10 minutes of ischemia. The latency from the onset of coronary occlusion (onset of vagal stimulation) to the appearance of ventricular arrhythmias was 3.0 ±1.0 min and not significantly different (P > 0.1) from the latency between embolization and the onset of arrhythmia (3.2 ± 0.8 min). Within 10 minutes of ischemia, induced by either occlusion or embolization, all ectopic activity had ceased. The incidence of ventricular tachycardia (four or more repetitive PVC's) was similar for both occlusion and embolization. The most striking finding shown in Table 1 was the absence of ventricular fibrillation in any of the 33 latex-injected hearts in contrast to a 21% incidence of fibrillation after coronary occlu- sion. It is possible that the initial period of ischemia resulting from coronary occlusion may have altered the electrophysiological response of the myocardium to subsequent periods of ischemia, thereby accounting for the absence of fibrillation after latex injection. However, latex embolization did not evoke ventricular fibrillation in 18 additional dogs (not included in Table 1 ) that did not sustain a 10minute period of coronary occlusion. The absence of ventricular fibrillation in these dogs represents a statistically significant difference compared to a 21% incidence of fibrillation after coronary occlusion (P = 0.04; Fisher's exact test). In general, no differences in the severity of arrhythmias were observed in these 18 animals compared to the arrhythmias observed in the 33 animals in which a 10minute period of coronary occlusion preceded latex injection.
Following the period of ectopic activity observed during the first 10 minutes of ischemia, a delayed surge of arrhythmias appeared in the latex-injected hearts (Fig. 3) . These delayed ectopic beats appeared with an average latency of 16.7 ± 3 minutes and disappeared by 30 minutes. The incidence of delayed arrhythmias (74%) was not significantly different (P > 0.05) from the incidence of early arrhythmias (88%). Furthermore, the maximum frequency of the delayed ectopic beats (42 ± 53 PVC's/ min) was not significantly different (P > 0.1) from the maximum frequency of early ectopic beats (43 ± 38 PVC's/min). After the disappearance of the delayed arrhythmias, no further episodes of significant ectopic activity were observed for up to 6 hours following latex injection. Figure 4 illustrates data from a typical experiment in which coronary embolization resulted in more severe conduction abnormalities than did coronary occlusion. The records show a surface ECG (lead II) and three local electrograms recorded from the ischemic zone. One electrogram (Rl) was recorded from the subendocardium, whereas the other two electrograms (R2 and R3) were recorded from the subepicardium. Panel A shows a control record while panels B and C show records at 4 minutes <B) and 8 minutes (C) after coronary occlusion. Little conduction delay was evident in the subendocardium (Rl), although there was a marked reduction in electrogram amplitude. One of the epicardial electrograms (R2) showed fractionation with a maximum delay of 46 msec at 4 minutes of ischemia (panel B). There was little change in the amount of delayed activation between panels B and C. Panel D was recorded after 30 minutes of reperfusion of the ischemic myocardium and shows a return of the control activation pattern. Panels E and F were recorded at 4 minutes (E) and 8 minutes (F) after coronary embolization with latex. Again, the endocardial electrogram (Rl) showed a decrease in amplitude with only minimal conduction FIGURE 4 Changes in local activation following coronary occlusion and coronary embolization. The records show a surface ECG (lead II) and three local electrograms recorded from the ischemic zone. One electrogram (Rl) was recorded from the subendocardium, whereas the other two electrograms (R2 and R3) were recorded from the subepicardium. Panel A shows a control record and panels B and C show records at 4 minutes (B) and 8 minutes (C) after coronary occlusion. Panel D was recorded after 30 minutes of reperfusion of the ischemic myocardium. Panels E and F were recorded at 4 minutes (E) and 8 minutes (F) after coronary embolization with latex.
Changes in Local Myocardial Activation
delay (<10 msec). Both epicardial electrograms showed marked conduction delay with late activation in panel E extending beyond the T-wave of the ECG (196 msec delay). Eight minutes after embolization (panel F), one epicardial electrogram (R2) showed no intrinsic deflection, whereas the amplitude of the response in the other (R3) was markedly diminished. It is interesting to note that there were no arrhythmias in this dog during the 10 minutes of coronary occlusion, whereas ectopic activity following embolization reached a maximum of 83 PVC's/ min.
Results similar to those shown in Figure 4 were obtained for all animals in which local electrograms were monitored during both occlusion and embolization. Only minimal delays (<20 msec) were observed in the subendocardium during ischemia induced by either occlusion or latex embolization. In the subepicardium, latex embolization consistently resulted in more severe conduction abnormalities than did coronary occlusion. Table 2 gives a quantitative comparison of the conduction changes induced by coronary occlusion and embolization. The control measurements obtained just prior to occlusion and embolization showed no significant differences in the magnitude of conduction delay. Epicardial delay began to appear 1.5-2 minutes after the onset of either occlusion or embolization and became maximal by 6 minutes. As shown in Table  2 , significantly greater delays occurred after embolization than after occlusion. In addition, coronary embolization resulted in more electrograms showing discrete epicardial activation occurring after the Twave of the ECG (Fig. 4 ). Furthermore, a significantly greater number of electrograms demonstrated Wenckebach-like alternation in response to coronary embolization. Embolization of the proximal LAD always produced unresponsiveness in electrograms recorded from the center of the ischemic region within 10-15 minutes. In more peripheral regions, ischemic changes took longer to occur and were less extensive. Spontaneous improvement in either the electrogram amplitude or conduction delay in the ischemic zone was never observed. Epicardial mapping after 30 minutes of ischemia showed that the major portion of the ischemic zone was totally unresponsive. Figure 5 shows a diagram of a heart that was mapped 30 minutes after latex embolization. The stippled area on the anterior surface of the left ventricle represents the area of electrical unresponsivenese. Also included in Figure 5 are an ECG and electrograms recorded from three different mapping locations. Electrogram Rl was taken :
•....
FIGURE 5
An epicardial map obtained 30 minutes after latex embolization of the left anterior descending coronary artery (LAD). The vessels filled with latex are indicated by the solid lines branching from the LAD. The stippled area on the anterior surface of the left ventricle (L V) represents the area of electrical unresponsiveness. Also shown are an ECG (II) and three local electrograms recorded from different locations. Electrogram Rl was taken from the normal zone, whereas R2 was from the region of unresponsiveness and R3 was from the border zone. from the normal zone, whereas R2 was from the region of unresponsiveness and R3 was from the border zone. The small deflections in R2, synchronous with the QRS complex, represent an extrinsic deflection. Extrinsic deflections were consistently recorded at all mapping locations within the zone of unresponsiveness. The fractionated, delayed activity in R3 (conduction delay; 100 msec) was recorded about 5 mm from border between cyanotic and normal-appearing tissue. The conduction delay was stable over a 30-minute observation period.
Results similar to those shown in Figure 5 were observed in all 12 dogs in which the epicardium was mapped 30 minutes after latex injection. The area of electrical unresponsiveness was always slightly less than the area of latex distribution. Low amplitude delayed potentials were consistently recorded on the apex and lateral free wall within 5-10 mm of the ischemic border. The maximum conduction delay averaged 108 ± 39 msec, which was significantly less than the conduction delay (203 ± 51 msec) observed in more central regions of the ischemic zone during the first 10 minutes of ischemia (P < 0.001). The delayed conduction observed in the lateral and apical border zone remained stable over a 30-minute observation period. Normal tissue, immediately adjacent to the ischemic border, showed high-voltage electrograms with no activation delay beyond the end of the QRS complex. In addition to mapping local activation, the mapping electrode was used to deliver current to the central portion of the ischemic zone in six of the 12 animals. Pacing at multiple sites within the central zone (15 mm from the border) with current intensities of 30 mA for a period of 90 seconds never resulted in a propagated ventricular response. Stimulation of the normal zone with current intensities of 1 mA always resulted in propagated responses. Stimulation of the border zone with 30-mA pulses consistently resulted in ectopic ventricular beats. However, 1-mA pulses were frequently unsuccessful.
hi several animals, coronary embolization resulted in unstable electrograms showing marked beat-to-beat variations in conduction delay during the first 10 minutes of ischemia. Figure 6 illustrates an example of unstable conduction patterns developing after latex embolization. The records show a surface ECG (lead II) and three local electrograms VOL. 49, No. 1, JULY 1981 (Rl, R2, R3) recorded from the ischemic subepicardium. Panel A shows a control cycle during atrial pacing (cycle length 300 msec) and panel B shows records obtained at 4 minutes of ischemia. In the first three cycles of panel B, conduction delay was evident in all of the local electrograms with the maximum delay occurring in R2 (175 msec). In the fourth cycle, the delay in Rl suddenly increased to 290 msec, whereas little change occurred in the other electrograms. Over the next three cycles, the delay in R l progressively decreased so that by the seventh cycle the maximal delay was again observed in R2 (185 msec occurred during the second cycle (150-300 msec in Rl). The marked activation delay (300 msec) was sustained with little variation over the next 3 cycles (cycles 3-5). In addition, panel C shows a 2:1 alternation of the delayed response in R3 (125-msec delay). In panel D, recorded at 6 minutes of ischemia, a 2:1 alternation appeared in Rl with a delay (310 msec) that exceeded the basic cycle length (300 msec). Total unresponsiveness in all three electrograms developed in this experiment by 9 minutes of ischemia. Although no arrhythmias occurred in the records shown in Figure 5 , ectopic activity reached a maximum of 33 PVC's/min between 4 to 5 minutes of ischemia.
In six dogs, brief periods of atrial arrest were induced by vagal stimulation during the first 30 minutes following latex injection to determine the effects of heart rate on epicardial conduction delay. Figure 7 shows records from a typical experiment in which vagally induced slowing of heart rate improved conduction. The records show a surface ECG (lead II) and three local electrograms recorded from the ischemic zone (Rl, R2, R3). Panel A shows a control cycle during atrial pacing (cycle length 333 msec). The electrograms in panel B, recorded at 6 minutes of ischemia, show marked fractionation (Rl, R3), 2:1 alternation (R2), and conduction delay of 150 msec (R2). A 2-second period of vagal stimulation was instituted at the arrow in Panel B. Panel C shows the first six recovery beats after termination of vagal stimulation. In the first recovery beat, all of the electrograms showed an increased amplitude, less fractionation, and a decreased conduction delay (40-msec decrease in R2). However, there was a progressive increase in the amount of fractionation and conduction delay in all the electrograms during the first four cycles of panel C, with little further change occurring between the 4th and 6th cycles. Although the conduction delay in R2 returned to 150 msec by the 4th cycle, the 2: 1 alternation observed prior to vagal stimulation (panel B) required 10 seconds (30 cycles) after the termination of vagal stimulation to reappear. During the first 10-15 minutes of ischemia, there was a marked improvement in amplitude and delay of ischemic zone electrograms following brief periods of vagally induced atrial arrest in all six animals. However, by 30 minutes of ischemia, vagal stimulation had no effect on regions of the ischemic zone which showed no intrinsic deflection.
Discussion
One of the purposes of the present study was to develop a model of myocardial infarction in which collateral blood flow to the ischemic myocardium was eliminated. The intracoronary injection of vinyl latex has proven to be an effective method of interrupting collateral blood flow to the sinoatrial nodal region . In the present study, vinyl latex was injected into the proximal left anterior descending coronary artery. Although we did not quantify collateral blood flow to the ischemic myocardium, we obtained qualitative evidence for the interruption of collateral blood flow. The diameter of functional collateral vessels has been shown to be greater than 40 jim (Blumgart et al., 1950) . In the present study, latex entered distal arterioles branching from the LAD down to a diameter of 20-30 fan. Thus, it is highly likely that latex also filled the collateral vasculature between the left anterior descending coronary bed and the other coronary vascular beds. Furthermore, we injected indocyanine green into the left main coronary artery to evaluate the patency of collateral channels. The failure of green dye to appear in the zone of distribution of latex provides indirect evidence for the total embolization of collateral channels. Finally, the massive transmural infarcts which corresponded precisely to the area of latex distribution indicate that any overlapping flow from other vascular beds was insufficient to prevent necrosis.
In spite of the fact that latex appeared to interrupt collateral blood flow to the ischemic myocardium, the ischemic zone still must have received some residual perfusion. In a condition of zero perfusion, it would be impossible to completely remove lactate dehydrogenase from the ischemic myocardium and thus, p-NBT staining would not differentiate infarcted from normal muscle. In two experiments, a state of zero perfusion was created artificially by soaking excised hearts in Ringer's solution for 6 hours prior to incubation with p-NBT. The zero perfusion period did not alter staining of these hearts, indicating little if any loss of lactate dehydrogenase. We were unable to determine the source of the residual blood flow responsible for removing lactate dehydrogenase from the latex-injected hearts. It has been demonstrated that arterial blood may reach all layers of the ventricular myocardium through direct vasculature communications between the left ventricular cavity and the coronary circulation (Moir, 1969) . Presumably, the only vascular channels not blocked by latex in the present study would have been the Thebesian veins which connect the cardiac chambers with the coronary venous system (Bloor and Liebow, 1965) .
Conduction Abnormalities and Arrhythmias
Experimental arrhythmias induced by one-stage occlusion of the left anterior descending coronary artery have been classified into an early (0-20 min) and a late (16-72 hours) period of ectopic activity (Harris, 1950) . Ventricular fibrillation, when present, is confined exclusively to the early period (Harris and Rojas, 1943) . Scherlag et al. (1974) demonstrated that the early occlusive arrhythmias were enhanced by rapid atrial pacing and abohshed by vagally induced atrial arrest These rate-related arrhythmias were associated with diminution and delay of epicardial activation in the ischemic zone. Several studies have confirmed the relationship between fractionation and delay of epicardial po- VOL. 49, No. 1, JULY 1981 tentials and the occurrence of early ventricular arrhythmias (Waldo and Kaiser, 1973; Boineau and Cox, 1973; Downar et al., 1977; Elharrar et al., 1977; Kaplinsky et al., 1979; Murdock et al., 1980) . Furthermore, there appears to be a quantitative relationship between the magnitude of subepicardial conduction delay and the severity of early occlusive arrhythmias Elharrar et al., 1977; Kaplinsky et al., 1979) .
Although all of the determinants of the extent and time course of delayed activation of the ischemic zone have not yet been elucidated, the severity of ischemia appears to be a major determinant of the degree of epicardial conduction delay (Elharrar et al., 1977; Ruffy et al., 1979) . In the present study, the interruption of collateral blood flow by the intracoronary injection of latex resulted in more than a 2-fold increase in epicardial conduction delay ( Fig. 4 ; Table 1 ). Furthermore, the increase in conduction delay following embolization was of sufficient magnitude to result in epicardial activation occurring after the T-wave of the ECG in 87% of the latex-injected hearts (Fig. 4, 6, and 7) . The delays extending beyond the refractory period of normal myocardium were observed during both periods of stable atrial rhythm and of ectopic activity. Although some of the delayed wavefronts may have caused reentrant excitation of the normal myocardium, delayed activation of the ischemic zone following the T-wave did not guarantee that reentery would occur. Because of the large size of the ischemic area and the severe depression of conduction, it is possible that many of the delayed wavefronts were extinguished before they could propagate into normal myocardium.
In contrast to the dramatic effect on epicardial delays, the interruption of collateral blood flow had only a minimal influence on the timing of endocardial activation (Fig. 4) . A differential effect of ischemia on subepicardial and subendocardial delay has been reported previously (Cox et al., 1973; Scherlag et al., 1974; Ruffy et al., 1979) . Subepicardial delay has been shown to exceed subendocardial delay even when there is a comparable reduction in regional myocardial blood flow (Ruffy et al., 1979) . The preservation of endocardial conduction in the presence of severe ischemia may depend upon superfusion of endocardial fibers with cavitary blood (Lazzara et al., 1973) or electrotonic interactions with ischemia-resistant Purkinje fibers (Gilmour et al., 1980) .
In addition to the degree of ischemic insult, heart rate also appears to be a major determinant of the magnitude of epicardial conduction delay Elharrar et al., 1977; Downar et al., 1977) . The rate-dependency of epicardial conduction abnormalities may be mediated by a prolongation of the refractory period of ischemic cells relative to their action potential durations (Lazzara et al., 1975; Downar et al., 1977) . In the present study, we found a marked improvement in the amplitude and delay of ischemic zone electrograms following brief periods (2-3 seconds) of vagally induced atrial arrest (Fig. 7) . The amount of improvement depended upon the severity of the ischemicinduced depression of conduction. By 30 minutes of ischemia induced by coronary embolization, no electrical activity could be recorded from the majority of the ischemic zone, and slowing the heart rate did not restore epicardial activation.
The absence of an intrinsic deflection in the electrograms recorded from a major portion of the ischemic subepicardium 30 minutes after coronary embolization indicated a severe depression of electrical responsiveness of the epicardial fibers. With the recording techniques employed in the present study, it was impossible to determine if the subepicardial fibers were totally unresponsive. It is likely that low-amplitude, slowly propagating wavefronts would not have been detected by the close bipolar electrodes (2 mm) and high pass filter (40 Hz). However, we also observed that 30 mA stimuli delivered to multiple sites within the central ischemic zone failed to result in a propagated ventricular response. These findings indicate that the depression of responsiveness in the ischemic subepicardium was sufficient to prevent any local wavefronts from propagating to the normal myocardium.
In addition to increasing the magnitude of epicardial conduction delay, interruption of collateral blood flow increased the number of dogs that developed ectopic beats during the initial 10 minutes of ischemia (Table 1) . However, the most significant finding in the present experiments was the absence of ventricular fibrillation during ischemia induced by latex embolization. This finding is somewhat surprising in view of the massive transmural infarcts created by the intracoronary injection of latex (Fig.  2) . It has been reported that canine hearts, which have few collateral channels demonstrable by coronary angiography, develop a higher incidence of ventricular fibrillation following acute coronary occlusion than hearts with multiple collateral channels (Meesman et al., 1970) . Furthermore, porcine hearts, which have only a minimally functioning coronary collateral circulation (Schaper, 1971; Fedor et al., 1978; Most et al., 1978) , show a 75% incidence of ventricular fibrillation following acute occlusion of the proximal left anterior descending coronary artery (Downar et al., 1977) . However, collateral blood flow to the ischemic porcine myocardium has been shown to be distributed in a nonuniform manner (Most et al., 1978) . In the present study, it is likely that the intracoronary injection of latex resulted in a relatively uniform reduction in collateral blood flow to the ischemic myocardium. Thus, the tendency for spontaneous ventricular fibrillation to develop during acute myocardial ischemia may be related to both the absolute magnitude and the heterogeneity of distribution of coronary collateral blood flow.
The disparate effects of coronary embolization on the incidence of PVC's and ventricular fibrillation (Table 1) suggest that the mechanism responsible for the genesis of ventricular fibrillation during acute ischemia may not be the same as the mechanism responsible for the initiation of premature beats. A similar conclusion was reached by Janse et al. (1980) in coronary occlusion experiments on isolated porcine and canine hearts. In these studies, extensive epicardial and intramural mapping indicated that Purkinje fiber activation, recorded from the normal or ischemic zone, consistently preceded myocardial activation during single PVC's or the initial beats of ventricular tachycardia. There was no evidence for reentrant circuits within the ischemic myocardium during these non-lethal arrhythmias. However, the development of ventricular fibrillation depended upon multiple reentrant circuits following tortuous pathways through the ischemic myocardium (Janse et aL, 1980) . The development of multiple reentrant pathways through the ischemic myocardium presumably depends upon the existence of multiple unidirectional blocks. The establishment of these conduction blocks may depend upon a non-uniform depression of excitability and conduction among adjacent fibers within the ischemic myocardium. In the present experiments, it is possible that the depression of electrical responsiveness of adjacent fibers was not sufficiently heterogeneous to allow the formation of enough reentrant circuits to initiate ventricular fibrillation.
The absence of ventricular fibrillation in the presence of pronounced fractionation and delay of epicardial activation suggests that the magnitude of epicardial delay has only limited value in predicting the severity of early ventricular arrhythmias. In addition to epicardial delay, previous studies have shown a coincidental relationship between the appearance of alternation in the duration and amplitude of ischemic transmembrane action potentials and subsequent occurrence of ventricular fibrillation (Downar et al., 1977; Russell et al., 1979) . Although we did not record transmembrane action potentials in the present study, the alternation of electrograms frequently observed in the ischemic zone of latex-injected hearts ( Fig. 5 and 6 ; Table 2) probably reflects alternation of transmembrane events. Thus, we must also conclude that the presence of alternation does not necessarily foreshadow the appearance of lethal arrhythmias.
In addition to the arrhythmias observed in the first 10 minutes after coronary embolization, we observed a second surge of ectopic activity occurring 12-30 minutes after the onset of ischemia. Previous reports have shown a similar period of delayed arrhythmias occurring 12-30 minutes after coronary ligation (Kaplinsky et aL, 1979; Kaplinsky et aL, 1980) . These arrhythmias were found to occur in the absence of marked epicardial fractionation and delay and resulted in a significant incidence (27%) of ventricular fibrillation (Kaplinsky et al., 1979) . It was proposed that the mechanism of these delayed arrhythmias might involve microreentrant circuits at Purkinje-muscle junctions (Kaplinsky et al., 1979) . In contrast to the findings of Kaplinsky et al. (1979) , we never observed ventricular fibrillation during the delayed arrhythmic period. The delayed arrhythmias observed in the present study occurred at a time when the central regions of the ischemic zone were electrically unresponsive. Thus, PVC's or ventricular tachycardia arising from a microreentrant circuit might not be unable to fractionate the ischemic myocardium into a sufficient number of wavefronts to produce sustained fibrillation.
rather than diastolic suction, although the latter has been suggested (Sabbah et al., 1980a) . If ventricular diastolic suction exists, the implication is that ventricular filling in early diastole may be assisted by a process of active ventricular relaxation (Katz, 1930; Rushmer et aL, 1953; Brecher, 1956) . In general, it is thought that the ventricle is filled only due to the pressure in the atrium during diastole and by atrial contraction. Studies in animals have demonstrated that the left ventricle is capable of generating a negative diastolic pressure under
